Sirtuins, a family of NAD þ -dependent deacetylases, help organisms to respond to metabolic and genotoxic stress through diverse pathways, including metabolic homeostasis, cell survival pathways and cell-cycle control. Evidence accumulated over the past decade, including recent descriptions of mouse knockout models for each of the seven mammalian Sirtuins, suggests that protection of genome stability is among the most important roles of Sirtuins during stress response. Our current knowledge suggests that Sirtuins promote genome integrity through a variety of mechanisms, the majority of which involve a direct role in chromatin-related functions. Here, we review these mechanisms and discuss their implications for cell physiology and tumorigenesis.
INTRODUCTION
Genomic instability, a driving force in tumorigenesis, refers to an increased tendency for cells to accumulate heritable genetic alterations. 1, 2 It has very diverse causes, ranging from DNA repair defects to epigenetic alterations, and occurs in diverse physiological contexts, ranging from the cell cycle to metabolism. Consequently, cells have developed a spectrum of mechanisms to minimize genomic instability at different levels. 3 Over the past decade, the NAD þ -dependent deacetylases known as Sirtuins have emerged as key players in the maintenance of genomic integrity. 4 Sirtuins coordinate cellular responses to certain forms of stress, such as oxidative, metabolic and genotoxic stress. 5 The family is defined by homology with the yeast protein silent information regulator 2 (Sir2). 6 Although they first appeared in bacteria, this family of proteins seems to have undergone its greatest expansion when eukaryotes first evolved and the chromatin became organized. At this point in evolution the number of Sirtuin homologs surged, as did their complexity and diversity in terms of functions, targets and localization, both at the cellular level and, in metazoans, at the systemic level. 7 The seven mammalian Sirtuins (SIRT1-7) have distinct subcellular localizations, two different enzymatic activities, NAD þ -dependent deacetylase activity and a poorly understood mono(ADPribosyl)transferase activity, and each one has a separate combination of targets encompassing histone and non-histone substrates. 8, 9 Interestingly, recent evidence has shown that this deacetylase activity may actually be part of a more general deacylase activity that allows removal of myristoyl, succinyl and malonyl groups in addition to acetyl groups. As far as we know, this activity is restricted to SIRT5 and 6 and is mainly involved in metabolism. 10, 11 The basic function of Sirtuins is to promote communication between cells and their environment by connecting chromatin dynamics and gene expression with the efficient adaptation to environmental stimuli to ensure genome protection. The link between Sirtuins and genome stability is unique. The early origin of Sirtuins has placed them at the crossroads of some of the major pathways that control cell physiology and metabolism. 12 Unlike most factors involved in genomic protection, Sirtuins simultaneously participate in various mechanisms at different levels. They protect the genome largely by directly influencing chromatin functionality, by altering chromatin structure, expression and repair through deacetylation of histones and other chromatin-related factors. 13 There is also evidence that Sirtuins protect the genome through this adaptive control of energy and metabolic flows. Given these roles, Sirtuins have a great potential for use as prognostic markers or as therapeutic targets for myriad diseases, including various cancers and agerelated illnesses. 14 Here, we summarize our current knowledge about the roles of Sirtuins in genome stability, and discuss the mechanisms and pathways involved and their involvement in cancer.
SIRTUIN KOS AND GENOME INSTABILITY
In the past years, studies in knockout (KO) mice for each Sirtuin have provided invaluable information about the respective roles of these proteins in genome protection and tumorigenesis (Table 1) . Surprisingly, although only three Sirtuins (SIRT1, 6 and 7) are always present in the nucleus, and another two localize in the nucleus under certain physiological conditions (SIRT3) or during certain phases of the cell cycle (SIRT2), the KO mice for five Sirtuins (SIRT1-4 and 6) clearly show increased levels of genome instability, as indicated by high levels of DNA damage, defective DNA repair and chromosomal aberrations. Furthermore, four of these five KOs undergo spontaneous tumorigenesis (the exception being SirT1
À / À mice, as SIRT1 functions appear to be more complex).
SirT1 À / À cells show reduced chromosome condensation in metaphase, which interferes with mitotic progression, leading to the formation of chromosome bridges, chromosome breaks, unequal chromosome segregation and aneuploidy. SirT1
À / À cells also suffer from impaired double-strand break (DSB) repair. Although these findings suggest that SIRT1 acts as a tumor suppressor, the other evidence supports a converse role. This paradox indicates that SIRT1 may have a dual role in oncogenic processes.
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SIRT2 is predominantly located in the cytoplasm except during G 2 /M transition, when it is translocated to the nucleus. Like SIRT1, SIRT2 also helps maintain genomic stability and represses tumor formation. SirT2
À / À cells exhibit centrosome amplification and cell death during mitosis, together with genetic instability, 16 and SirT2 À / À mice develop genomic instability and develop tumors in multiple tissues. 16, 17 SIRT3 is the major deacetylase in the mitochondria. SirT3 À / À mouse embryonic fibroblasts (MEFs) exhibit abnormal mitochondrial physiology as well as genome instability and increased levels of superoxide. 18 Biochemical analysis of transformed SirT3 À / À MEFs and murine mammary tumors suggests a link between aberrant mitochondrial superoxide levels and a transformation/tumorpermissive cell phenotype. 18 Consistent with this premise, SIRT3
protein levels are decreased in human breast cancer, and SirT3
À / À mice spontaneously form mammary tumors later in life. Given the key role of SIRT3 in mitochondrial metabolism and the wide variety of substrates modulated by SIRT3 in this context, this phenotype is probably the result of a direct functional effect due to loss of SIRT3 itself, but also of an indirect effect caused by the alteration of the main energetic and metabolic pathways that promote a damagepermissive and tumorigenic environment. SIRT4 is also localized in the mitochondria, where it influences cellular metabolic response to DNA damage and tumorigenesis. SIRT4 depletion leads to the deregulation of glutamine metabolism resulting in increased proliferation and stress-induced genomic instability, which facilitate spontaneous tumorigenesis. 19 With respect to SIRT6, SirT6 À / À mice exhibit an aging-like phenotype, suffering from genome instability and serious metabolic defects. 20 SirT6-deficient cells have been shown to be more Sirtuins and genome stability L Bosch-Presegué and A Vaquero susceptible to genotoxic DNA damage, which gives rise to genomic instability. [20] [21] [22] Of the other two KOs (SirT5 and SirT7), SIRT7 loss promotes an aging-like phenotype and is associated with increased sensitivity to oxidative stress, which also suggests a link to genomic protection.
MECHANISMS FOR PROTECTING GENOMIC STABILITY
Sirtuins directly control genomic stability via three general mechanisms (Figure 1 ). First, they are crucial for regulating the structure of facultative and constitutive heterochromatin. Second, they are involved in the control of cell-cycle progression: chromosome condensation during mitosis, and cell-cycle checkpoints. Finally, they are critical in DNA damage signaling and repair.
Regulation of chromatin structure The Sirtuins known to participate in chromatin regulation are SIRT1, 2, 6, 7 and, to a lesser extent, SIRT3. They perform this function by deacetylating conserved histone marks and by modulating other chromatin factors, including chromatin enzymes and transcription factors ( Figure 2 ).
Facultative heterochromatin and stress-response expression programs. Among the most important mechanisms by which Sirtuins promote cell survival and genome stability is the repression of genes that are linked to specific pathways or key transcription factors in the context of stress response. In many cases, stress response is quick and dynamic and does not require the establishment of a repressive chromatin state. However, in other cases, the nature and duration of the stress (for example, fasting or calorie restriction) may require silencing throughout long periods of time, which could be associated with heterochromatin formation and epigenetic inheritance. All the major forms of stress involving Sirtuins could potentially act through this mechanism. Therefore, when Sirtuins act as expression silencers, facultative heterochromatin is often formed: regions of the genome that become compacted or heterochromatinized during expression programs (for example, stress response, cell differentiation or development), but can revert to an open state (euchromatin) as required. 23 Histone N-terminal domains undergo many post-translational modifications that are crucial for the transitions between open and compacted chromatin states. 24, 25 SIRT1, the best-studied Sirtuin, helps regulate the stress response expression programs of numerous transcription factors, including NF-kB, p53, HIF-1a, FOXOs, E2F1 and HSF1. [26] [27] [28] [29] [30] [31] SIRT1 promotes epigenetic silencing of the targets regulated by these factors by coordinating several events in collaboration with other enzymes responsible for pivotal histone modifications. [32] [33] [34] Thus, chromatin immunoprecipitation experiments show that when SIRT1 is recruited to an euchromatin region, there is a reduction in the euchromatin marks H4K16Ac and H3K9Ac and in the direct recruitment of the linker histone H1 at the promoter. 32 Moreover, SIRT1 not only interacts with and recruits H1, but can also deacetylate H1 at K26, which would favor a more compact chromatin structure, analogous to the case of the core histones. 32 These effects are accompanied by the spreading of heterochromatin marks (for example, H3K9me3 and H4K20me1) throughout the coding region, and a decrease in the levels of the active chromatin mark H3K79me2.
32 SIRT1 promotes the spreading of H3K9me3 through its functional relationship with SUV39h1, the main enzyme responsible for this modification.
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SIRT1 directly interacts with, recruits and deacetylates SUV39h1 at its catalytic domain, all of which contribute to elevated levels of SUV39h1 activity, in turn leading to increased levels of H3K9me3. 34 The best-known example of SIRT1-induced facultative heterochromatin closely involved in genomic stability is the repression of ribosomal DNA (rDNA) genes in the nucleolus. Eukaryotic genomes contain myriad repetitive DNA sequences, Figure 1 . Sirtuins and mechanisms of genomic stability. Sirtuins participate in multiple mechanisms to maintain genomic stability under stress conditions: (a) chromatin regulation at structural and expression levels, (b) cell-cycle control, (c) DNA repair and (d) mitochondrial-associated functions that promote genomic protection. The different regulatory levels for each group of mechanisms and the Sirtuins involved are depicted.
including arrays of essential genes, transposons and retroelements. These repetitive sequences are potential substrates for homologous recombination events, some of which may lead to unwanted chromosomal rearrangements or to repeat instability due to unequal crossover between sister chromatids. One such sequence is the rDNA locus, whose stability is critical for growth and survival. The genome of mammals contains several hundred rRNA genes in the rDNA locus that are transcribed by RNA polymerase I (RNA Pol I). rRNA synthesis and processing are tightly regulated in response to the metabolic activity of the cell and occur in the nucleolus, the site of ribosome biogenesis. 35, 36 In the nucleolus, SIRT1 is part of the e-NoSc (energy-dependent nucleolar silencing complex), together with Suv39h1 and the H3K9me2-binding protein nucleomethylin. 37 This complex helps silence the rDNA locus by controlling ribosome biosynthesis under nutrient or energy-scarce conditions. 37, 38 Researchers have hypothesized that nucleomethylin probably tethers the complex to rDNA and enables spreading of the silencing compacted structure that is induced by SIRT1 and SUV39h1. 37 The e-NoSC provides a regulatory link between cellular energy balance and the epigenetic state of the rDNA locus. Silencing of rRNA gene transcription promotes the restoration of energy balance, whereas suppression of recombination increases the stability of the rDNA locus. 37, 38 SIRT1 is not the only Sirtuin present in the nucleolus: SIRT7 is a nucleolar protein that is associated with active rRNA genes, 39 is involved in transcription of RNA Pol I, and helps rDNA expression to resume after mitosis.
40 SIRT7 overexpression increases RNA Pol I transcription, whereas SIRT7 depletion results in a decreased association of Pol I with rDNA and a reduction in Pol I transcription. 39 Interestingly, Pol I transcription can also be repressed by nucleolar SIRT1, via deacetylation of TAF I 68, a basal component of the enzyme. 28 Moreover, SIRT7 has also been linked to the silencing of a specific set of non-nucleolar genes related to protein biosynthesis, via deacetylation of H3K18Ac in the promoter of these genes. 41 Although the mechanism of silencing is virtually uncharacterized, this SIRT7-associated function has been linked to maintenance of an oncogenic phenotype in transformed cells, thus implying a role for SIRT7 as a tumorigenic factor. 41 Another interesting functional link between SIRT1 and functional heterochromatin is found in development. SIRT1 is part of Polycomb Repressive Complex 4 (PRC4), a complex containing the H3K27me3 histone methyltransferase Ezh2. 42 The different PRCs are specific to particular histone substrates: 33, 43 for example, PRC4 methylates H1K26, PRC3 methylates H3K27 and PRC2 methylates both substrates. 42 In PRC4, deacetylation of H1K26 by SIRT1 could allow coordinated methylation of the same residue by Ezh2. Importantly, H1K26me2 is recognized by HP1 (heterochromatin protein 1) and thereby helps regulate facultative heterochromatin. 12 Formation of a specific PRC could be important for controlling gene expression patterns through the regulation of chromatin structure. PRC4 contains SIRT1 and the Eed2 (Eed isoform 2), in addition to other subunits that are also in PRC2 and PRC3. Much evidence links PRC4 to cell differentiation and transformation: first, Eed2 appears to be present only in undifferentiated pluripotent cells or in transformed cells; 42 second, overexpression of Ezh2 leads to accumulation of PRC4; 42 and finally, SIRT1, in addition to all the subunits of the PRC2/3 complexes, is overexpressed in breast, colon and prostate cancers. 44 Another interesting corepressor complex is formed by SIRT1, the histone H3K4 demethylase LSD1/KDM1A and LSD1-associated proteins.
45 SIRT1 and LSD1 interact directly and cooperate to repress genes governed by the Notch signaling pathway through H4K16Ac deacetylation and H3K4me1/2 demethylation. Notch is crucial in mammalian development, and aberrant Notch signaling has been described in a number of cancers.
46,47 SIRT1-LSD1 complex deregulation could result in developmental abnormalities and Notch-dependent malignancies in humans. 45 SIRT6 is a histone deacetylase and mono(ADP-ribosyl)transferase. Deacetylation of H3K9Ac by SIRT6 promotes gene repression.
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Figure 2. Role of Sirtuins in chromatin regulation. Sirtuins regulate chromatin structure through histone modifications and the rest of the chromatin-associated machinery. SIRT1, SIRT3, SIRT6 and SIRT7 are involved in the regulation of gene expression programs under stress conditions, probably via formation of facultative heterochromatin (only shown so far for SIRT1). Moreover, SIRT1 and SIRT6 also have an important role in maintaining constitutive heterochromatin.
However, whether this silencing implies formation of facultative heterochromatin remains unknown. Researchers have shown that the RELA subunit of NF-kB (nuclear factor kappa-light chain enhancer of activated B cells) interacts with SIRT6 and recruits it to the promoters of NF-kB target genes. Subsequently, SIRT6 deacetylates histone H3K9Ac at promoters, thereby causing RELA to separate from chromatin and contribute to NF-kB signal termination. 48 Moreover, SirT6 À / À cells exhibit H3K9 hyperacetylation at these target promoters, a signal that leads to increased RELA occupancy and enhanced NF-kB-dependent modulation of gene expression, apoptosis and cellular senescence. 48 In addition, NF-kB inhibition rescues the early lethality and degenerative syndrome of SirT6-deficient mice. SIRT6 attenuates NF-kB signaling via deacetylation of H3K9 in chromatin, and hyperactive NF-kB signaling may contribute to both premature and normal aging.
SIRT6 also controls glucose homeostasis by inhibiting multiple glycolytic genes in concert via deacetylation of H3K9. 49 Loss of this SIRT6-dependent metabolic control has been directly associated with a metabolic switch to anaerobic glycolysis (known as the Warburg effect), which is a hallmark of cancer cells. 49 Additionally, SIRT6 also functions as a corepressor of Hif1a transcriptional activity by deacetylating H3K9 at Hif1a target gene promoters. 49 Consequently, SirT6-deficient cells show increased glucose uptake and increased glycolysis, even under normal oxygen conditions. 49 Furthermore, SIRT6's role as a regulator of ribosome biosynthesis by corepressing MYC transcriptional activity has been described. 50 Data suggest that SIRT6 could act as a critical regulator for modulating both glycolysis metabolism and ribosome biosynthesis. 50 In contrast to a role of SIRT6 as a tumor suppressor, the other evidence suggests that SIRT6 may have an opposite role in tumor initiation. A recent study suggests that SIRT6 also controls survivin expression in cooperation with components of the AP-1 transcription factor. 51 During liver tumor initiation, c-Jun regulates survival of initiated cancer cells by suppressing c-Fos-mediated apoptosis. In this sense, c-Fos induces SIRT6 transcription, which represses survivin by H3K9 deacetylation. Furthermore, altered expression of c-Jun, c-Fos, SIRT6 and survivin is described in human dysplastic liver nodules, indicating its importance in liver cancer initiation. 51 Finally, a role for SIRT3 in gene expression has been described. 52 SIRT3 exists in two forms, the short processed form of SIRT3, a wellestablished mitochondrial protein whose deacetylase activity regulates various metabolic processes, and a full-length, nuclear form of SIRT3, whose activities remain the subject of debate. 53 Surprisingly, evidence suggests that full-length SIRT3 might operate in chromatin regulation: it shows strong histone deacetylase activity specific to H4K16Ac and H3K9Ac and, when artificially recruited to a reporter gene, induces transcriptional silencing. 53 Moreover, under stress conditions, full-length SIRT3 undergoes rapid degradation mediated by the ubiquitin-proteasome pathway, resulting in the derepression of nuclear genes that encode proteins involved in sensing metabolic stress. 52 Function of Sirtuins at pericentromeres and telomeres. Maintenance of constitutive heterochromatin structure is crucial for genomic stability. Constitutive heterochromatin refers to regions that are always maintained as heterochromatin, span large portions of the chromosome, and have a structural role in the physical organization of the genome in the nucleus. These regions contain few genes and are located primarily in pericentromeric regions and telomeres.
SIRT1 is not only the best-studied Sirtuin, but is also probably the one with the strongest functional link to constitutive heterochromatin, as it has been associated with pericentromeric heterochromatin and with telomeres. 34 The explanation may lie in its intimate functional relationship with the enzyme SUV39h1, a keystone of constitutive heterochromatin formation in pericentromeric heterochromatin and telomeres. 54, 55 Thus, loss of SIRT1 greatly affects SUV39h1-dependent H3K9me3 and impairs localization of HP1.
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SIRT1 regulates SUV39h1-dependent constitutive heterochromatin by controlling SUV39h1 levels; however, it has never been detected in pericentromeric heterochromatin foci in immunofluorescence studies. The mechanism of regulation implies a nearly four-fold increase in SUV39h1 protein stability. SIRT1 inhibits polyubiquitination of SUV39h1 at Lys87 in the chromodomain by the E3 ubiquitin ligase MDM2, thereby preventing its subsequent proteasomic degradation. An increase in levels of SUV39h1 in vivo increases its turnover in pericentromeric heterochromatin regions and ensures genome integrity. Oxidative and metabolic stress conditions that lead to SIRT1 upregulation also induce an increase in SUV39h1 levels in vivo, in an SIRT1-dependent manner. These observations suggest a direct link between the stress response and SUV39h1 and imply that heterochromatin has a dynamic structure that adapts to cell physiology. 56 Telomeres are regions of repetitive nucleotide sequences at chromosome ends. They protect the genes near these ends from degradation during chromosome replication. Subsequent cell divisions result in shorter telomeres, which ultimately lead to a loss of gene protection and, consequently, cell senescence and apoptosis. 57 De novo synthesis of telomere repeats is mediated by telomerase. 58, 59 Telomere maintenance via telomerase is important for cell survival and for maintaining genomic integrity in mice. 60, 61 Mammalian telomerase comprises a catalytic subunit, the telomerase reverse transcriptase (TERT) [62] [63] [64] and an RNA template known as telomere repeat (TR). 65 Telomere maintenance and regulation are mediated by the collaborative effects of telomerase and telomere-binding proteins. 66 Telomeric instability associated with consecutive passages of the cell cycle is an essential checkpoint in the control of life and in disease states, particularly in cancer. Since the appearance of the early eukaryotes, Sirtuins have been involved in epigenetic silencing of two regions: rDNA loci and telomeres. 12 This reflects the conserved importance of the link between Sirtuins and the energy state (rDNA), and reveals an intimate link between them and maintenance of constitutive heterochromatin-a relationship that has been demonstrated for SIRT1 and SIRT6 in mammals. In S. cerevisiae, Sir proteins are involved in the maintenance of telomeric silencing and are mobilized from telomeres to sites of DSBs in response to DNA damage. [67] [68] [69] The role of SIRT1 in telomere maintenance in mammals remains controversial. The dual role of SIRT1 in promoting or suppressing growth as a function of cell conditions and SIRT1 substrate interactions has been widely described.
14 On one hand, there is evidence suggesting that SIRT1 inhibits telomerase activity through a translational role in TERT catalytic subunit stability, 70 while on the other hand, findings from SirT1 À / À cells reveal that SIRT1 depletion results in increased genome instability and in telomeric aberrations that contribute to decreased cell growth. 71 Likewise, other studies have shown that SIRT1 silencing results in reduced expression of TERT and PTOP (part of the shelterin complex). Accordingly, downregulation of SIRT1 consistently suppresses proliferation of hepatocellular carcinoma cells, via telomere dysfunction. 72 Moreover, activation of SIRT1 with resveratrol in cells that elongate telomeres using the telomeraseindependent mechanism alternative lengthening of telomeres leads to an increase in extrachromosomal telomeric DNA and to colocalization of telomeric TRF1 with WRN (Werner syndrome factor) helicase and BRCA1. 73 Recently, researchers have described a positive role for SIRT1 in modulating telomere length in vivo. 74 Mammalian SIRT1 interacts with murine telomeric repeats and improves telomere length maintenance in vivo by significantly attenuating the telomere shortening associated with aging. In related work, a mouse model containing an extra copy of the Sirtuin gene (SIRT1 super mice) 74, 75 showed improved telomere maintenance through telomerase activation, suggesting a direct link between SIRT1 expression and telomerase. 74 SIRT1 super cells exhibit increased homologous recombination frequencies at different chromosomal regions, including telomeres, centromeres and chromosome arms, whereas SirT1 À / À MEFs show telomere fragility and breakage. These studies provide a new molecular explanation for the known roles of SIRT1 in telomere maintenance, in DNA damage protection from, and in prevention of, some ageassociated diseases.
The other Sirtuin associated with constitutive heterochromatin, SIRT6, is strongly implicated in telomere maintenance and function, suggesting a similar role to that played by SIRT1 in telomeres. Recent studies have demonstrated that SIRT6 is crucial for maintaining the replicative lifespan and for preventing the premature senescence of human cells. It is also critical for preserving telomere function and for preventing aberrant chromosomal end-to-end fusions that would lead to chromosomal instability. 22 Specific deacetylation of H3K9Ac by SIRT6 22 is required for the maintenance of low levels of this mark in telomeric chromatin, which in turn is required for efficient binding of WRN in S phase to ensure efficient telomere replication and to prevent the accumulation of structural abnormalities at telomeres. 22 Considering that H3K9Ac is a target of SIRT1, a possible functional redundancy may exist between SIRT1 and SIRT6. Future studies should confirm and establish this redundancy.
Other studies have identified H3K56Ac as an another substrate for SIRT6, 76, 77 demonstrating that H3K56Ac is present at human telomeres and is regulated throughout the cell cycle by SIRT6, in addition to other H3K56 deacetylases such as SIRT1 and SIRT2. 76, 78 Additionally, SIRT6 may also help maintain the telomeric chromatin repressive structure through the telomere position effect mechanism. Thus, SIRT6 regulates the silencing of a telomereproximal transgene, and SIRT6 depletion leads to loss of telomere position effect-associated heterochromatic marks. 79 Mitosis, checkpoints and cell-cycle progression Another remarkable role of Sirtuins in genome stability and cell survival is their functional link to cell-cycle progression and to specific checkpoints for stress response (Figure 3 ). The Sirtuin with the strongest known link to cell-cycle control is SIRT2. SIRT2 is predominantly cytoplasmic as a result of active shuttling between the nucleus and the cytoplasm through a Crm1-dependent nuclear export signal (NES) sequence. 80, 81 Interestingly, from G 2 /M to metaphase, SIRT2 localizes on chromatin. 82 Moreover, its important role in cell-cycle progression during mitosis suggests that SIRT2 may also localize to other mitotic structures. Thus, SIRT2 is enriched at the centrosome in prophase and on the growing spindle fibers during metaphase, where it colocalizes with gtubulin and Aurora A. Furthermore, in telophase and into cytokinesis, SIRT2 colocalizes with Aurora B on the midbody. 81 This evidence suggests that SIRT2 activity is required for mitotic progression and may be highly regulated for the correct completion of mitosis. 81 In this sense, microinjection of SIRT2 or its yeast ortholog, Hst2p, has been reported to inhibit starfish oocyte maturation and embryonic cell division. 83 SIRT2 is upregulated during the G 2 /M transition, and its overexpression leads to longer mitosis and a shorter G 1 phase. 84, 85 SirT2 À / À MEFs have a longer G 1 phase and a shorter S phase, but do not exhibit any significant change in mitotic length. 82 Despite their chiefly cytoplasmic localization, both SIRT2 and Hst2p show a strong preference for the histone mark H4K16Ac as their deacetylation substrate in vitro and in vivo. 82 As we mentioned above, SIRT2 is cytoplasmic during the entire cell cycle except in the G 2 /M transition, when it translocates to the nucleus and is responsible for the global deacetylation of H4K16Ac. [80] [81] [82] Accordingly, SirT2
À / À cells exhibit increased levels of H4K16Ac in mitosis, delayed S-phase entry, and abnormal levels of H4K16Ac in heterochromatic foci in the S phase. 82 These data suggest that SIRT2 controls the global levels of H4K16Ac during the cell cycle, and indicate that a decrease in H4K16Ac levels may be required for S-phase entry. 82 Recently, we have shown that the decrease in H4K16Ac levels caused by SIRT2 is crucial for deposition of H4K20 monomethylation, 17 a hallmark of cell-cycle control, DNA repair and genome stability. [86] [87] [88] [89] [90] In addition to regulating H4K20me1 deposition during mitosis, SIRT2 also determines H4K20me2,3 levels throughout the cell cycle. Furthermore, it binds to and deacetylates PR-SET7, the main H4K20 monomethyltransferase, modulating its chromatin dynamics. Consequently, SIRT2 Figure 3 . Sirtuins in cell-cycle control. SIRT1 and SIRT2 are involved in cell-cycle progression. SIRT2 controls G 2 /M transition through controlling H4K20me levels. SIRT2 is also involved in mitosis exit through its relationship with APC/C. In addition, SIRT1 has an important role in chromatin condensation during mitosis, and controls G 1 /S transition through Rb/E2F1. De-Ac, Deacetylation; P/De-P, Phosphorylation/ dephosphorylation; P, M, A and T refer to prophase, metaphase, anaphase and telophase, respectively. depletion leads to decreased PR-SET7 chromatin levels, altered size and number of PR-SET7 foci, and reduced H4K20me1 deposition during mitosis. Stress conditions lead to increased interaction between SIRT2 with PR-SET7 as well as to increased H4K20me1 levels, suggesting a previously unknown SIRT2 G 2 /M checkpoint mechanism. 17 Altogether, this body of evidence suggests that Sirtuins modulate cell-cycle progression through the modulation of epigenetic information.
Other findings suggest that SIRT2 may also serve as a mitotic exit checkpoint to ensure correct chromosome segregation. First, SIRT2 is phosphorylated in vitro and in vivo at serine 368 in a cell cycle-dependent manner by the cell-cycle regulator Cdk1. This phosphorylation is very important in cell-cycle control and is required for the cell-cycle delay mediated by SIRT2. 84, 91 Second, overexpression of the phosphatases CDC14A and CDC14B, which are required for centrosome separation and productive cytokinesis, leads to dephosphorylation of SIRT2 and promotes its degradation via the proteasome-dependent pathway. 84, 91 Third, a role for SIRT2 in mitotic exit has been suggested: modulation of the anaphase promoting complex (APC/C), a multisubunit member of the RING-finger family of ubiquitin ligases. 16 Deacetylation of CDH1 and CDC20 by SIRT2 appears to enhance the interaction of these coactivators with CDC27, resulting in activation of APC/C. SIRT2 deficiency leads to increased levels of mitotic regulators that may contribute to centrosome amplification, aneuploidy, mitotic cell death and spontaneous tumor formation. 16 PR-SET7 is also regulated by phosphorylation/dephosphorylation during mitosis, through the same enzymes that regulate SIRT2. 92 This parallel corroborates a deeper functional relationship between SIRT2 and PR-SET7 in cell-cycle regulation than that previously understood, although further studies are required to clarify this.
Another possible role of SIRT2 in the cell cycle is linked to tubulin deacetylation, a poorly understood process that is thought to regulate spindle formation and ensure proper chromosome segregation during cell division. [93] [94] [95] [96] [97] SIRT2 deacetylates a-tubulin in K40, and it has been proposed that this deacetylation helps block mitosis in response to mitotic stress. 96, 98 Regardless, SirT2 À / À mice do not show any defects in tubulin acetylation, and cells that lack SIRT2 do not exhibit any abnormal levels of acetylated tubulin. 16 This observed phenotype may be a result of functional redundancy, because the residue is also targeted by HDAC6. 98 Another possibility is that SIRT2 regulates the levels of acetylated tubulin during specific stress responses through HDAC6.
SIRT1 is another Sirtuin involved in cell-cycle control. Its levels have been shown to be positively correlated with cell division, as exit from the cell cycle induces downregulation of SIRT1. 99 SirT1 KO in mice results in accumulation of cells in early mitosis. 15 Furthermore, at metaphase SirT1 À / À MEFs exhibit a partially condensed, disorganized chromosomal mass, despite undergoing apparently normal spindle formation. 15 Impairment of SIRT1 function has been imputed in these abnormalities in chromosome condensation. 15, 71 In mitotic cells, the levels of SIRT1 protein levels increase (as SIRT2), and from prometaphase to telophase SIRT1 globally localizes to chromatin. 100 In this context, SIRT1 is thought to facilitate chromosome condensation, via histone deacetylation and chromatin loading of histone H1 and the condensin I complex. Depletion of SIRT1 disrupts this loading, an effect that appears to be partially responsible for improper chromatin condensation and generally aberrant mitosis. 100 Other findings corroborate the role of SIRT1 in cell-cycle control via regulation of Rb (retinoblastoma) and E2F1. Rb is a tumor suppressor that controls the G 1 /S transition by binding to E2F-responsive genes and inducing cell-cycle progression. 101 Deacetylation of Rb by SIRT1 promotes its phosphorylation and cell proliferation. 101 Moreover, Rb forms a complex with SUV39h1 and HDAC1, 2 and 3, 102 suggesting that the functional relationship between SIRT1 and SUV39h1 could be relevant. Furthermore, SIRT1 binds to and deacetylates E2F1, inhibiting its proapoptotic activity and inducing cell proliferation. 103 Finally, SIRT1 can also modulate the transcriptional repressive activity of HDAC1-containing Rbp1 complex, inhibiting its growth-arrest activity. 104 Sirtuins are also involved in mechanisms that control cell fate, including apoptosis and senescence. All Sirtuins except SIRT4 and 5 seem to participate in cell fate control at different levels, including deacetylation, recruitment and/or modulation of the function of key factors such as p53, FOXO, Nf-kB, E2F1, Rb, BCL6, Notch and Ku-70.
14,26,27,45,105-110 Deregulation of these mechanisms contributes to the growth advantage of cancerous cells and can be viewed as a consequence of genomic instability. 111 Among the Sirtuins, the role of SIRT1 in cell fate is controversial. It is widely reported to inhibit senescence and apoptosis. Under normal conditions, in response to stress or to DNA damage SIRT1 might induce cell survival via cellcycle arrest, DNA repair or inhibition of apoptosis. SIRT1 can block stress-induced apoptosis by regulating chromatin structure and by deacetylating non-histone proteins. Conversely, under certain extreme conditions, for instance, if the stress signal becomes chronic or the damage levels cross a certain threshold, then SIRT1 could induce cell senescence or apoptosis. 14, [112] [113] [114] [115] [116] These data indicate that under certain conditions of stress, SIRT1 actually triggers growth arrest rather than inducing cell proliferation, establishing a complex, dynamic role for this protein in cell survival. 14, 112 DNA repair Organisms must ensure the integrity of their genome to propagate genomic information to the next generation. Throughout the cell cycle, the genome suffers from different forms of induced or spontaneous DNA damage that can lead to various nucleotide modifications and DNA breaks. These defects result from myriad internal and external factors, including forms of stress related to metabolism, as well as DNA replication and recombination. Cells repair this damage through several repair pathways that are collectively activated by the DNA damage response system. Successful repair of the damage requires efficient damage recognition and signaling pathways to dispatch DNA repair machinery to damage sites effectively. The DNA repair machinery needs to be sufficiently effective that it can overcome the barrier formed by the histone and non-histone proteins present in chromatin. 117 Sirtuins participate in the signaling and repair of single-strand breaks (SSBs) and DSBs at different levels ( Figure 4) .
Of the Sirtuins, SIRT1 and SIRT6 are the most active in DNA repair. Accordingly, SirT1
À / À embryos present more chromosomal aberrations and impaired DNA repair than do wild-type embryos. 15 Similarly, SIRT1 super mice 74 exhibit higher frequencies of sister chromatid homologous recombination events, indicating that SIRT1 overexpression may affect DNA repair efficiency. 74 These mice are also protected from the physiological damage produced by exposure to a high-fat diet, DNA damage and liver carcinogenesis and exhibit fewer signs of aging.
75 SIRT1 is involved in DNA repair at SSBs and DSBs.
For the repair of SSBs, SIRT1 has been linked to the nucleotide excision repair (NER) pathway. It interacts with and deacetylates XPA (xeroderma pigmentosum complementation group A), 118 thereby improving the interaction of XPA with RPA32, which is essential for the NER pathway.
118 SIRT1 also regulates the expression of XPC (xeroderma pigmentosum complementation group C), by reducing AKT-dependent nuclear localization of its transcriptional repressor. Inhibition of SIRT1 results in suppressed XPC transcription in an SIRT1-dependent manner, which in turn leads to impaired NER function.
119
SIRT1 is essential for DSB repair at different levels. First, it modulates the very early stages of DSB signaling though its role in the formation of g-H2AX, BRCA1, Rad51, and NBS1 foci upon g-irradiation.
15 SIRT1 directly interacts with and deacetylates NBS1, a regulatory subunit of the MRE11-Rad51-NBS complex. 120, 121 This activity inhibits phosphorylation of NBS1 and modulates its activity as a checkpoint factor in intra-S phase. 122, 123 Furthermore, SIRT1 relocalization to DSBs depends on ATM-mediated signaling through H2AX phosphorylation. 124 Second, SIRT1 also participates in DSB signaling through two members of the MYST acetyltransferase family: hMOF and TIP60, 125 both of which have been implicated in cell growth and arrest, apoptosis and DNA repair, [126] [127] [128] Under normal (that is, non-stress) conditions, SIRT1 binds to and deacetylates hMOF and TIP60, inhibiting their respective activities and promoting their ubiquitinationdependent degradation. However, DNA damage leads to decreased binding of SIRT1 to hMOF and to TIP60, thereby activating them for DNA-damage signaling. 125, 129, 130 Third, in the context of homologous recombination, SIRT1 also interacts with and deacetylates the WRN helicase, a member of the RecQ family. [131] [132] [133] [134] [135] Fourth, SIRT1 has been directly linked to the other major DSB repair pathway, the non-homologous end joining (NHEJ) pathway, through the factor Ku70. 136 Ku70 is mainly located in the nucleus, where it is associated with the proapoptotic factor BAX. In response to DNA damage, Ku70 becomes acetylated, leading to BAX dissociation, which translocates to the mitochondria to promote apoptosis. Deacetylation of Ku70 by SIRT1 blocks the conformational change in BAX and its subsequent translocation, thereby inhibiting mitochondrial apoptosis, and inducing Ku70-dependent DNA repair. 137, 138 Loss of SIRT6 in mice is correlated with high levels of genomic instability and DNA-damage hypersensitivity. [20] [21] [22] SirT6 À / À mice have a premature aging phenotype associated with impaired base excision repair (BER), the main pathway for repair of spontaneous SSB lesions. However, the role of SIRT6 in BER remains unknown, and SIRT6 does not appear to interact physically with BER factors or to colocalize with these factors at the damage sites. Moreover, neither of the BER factors appear to be affected by SIRT6 deficiency. 20 However, a growing body of evidence suggests that SIRT6 may indirectly regulate BER by modulating chromatin density and accessibility to DNA damage sites. 139 Furthermore, under oxidative stress SIRT6 is recruited to DSB, where it stimulates repair though direct interaction with, and mono(ADPribosyl)ation, of PARP1 (poly(ADP-ribose) polymerase 1), 140 ,141 a key enzyme involved in BER and DSB signaling. [142] [143] [144] [145] [146] [147] A role for SIRT6 as a PARP1 activator could explain why SirT6 À / À mice are characterized by deficiencies in BER and genomic instability.
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SIRT6 also seems to promote DNA-end resection, a crucial step in DSB repair via HR, by interacting with and deacetylating CtIP (C-terminal binding protein interacting protein). 148 After the decrease in HR that occurs with increasing replicative age, SIRT6 overexpression helps restore homologous recombination repair pathway levels.
Other important findings link SIRT6 to NHEJ pathway-associated factors, including DNA-PKcs and Ku70/80. Accordingly, in response to DSBs, SIRT6-mediated H3K9Ac deacetylation stabilizes the association of DNA-PKcs with chromatin. 149 As mentioned before, SIRT1 and SIRT6 may also participate in DSB-damage signaling, through K56Ac, analogously to the yeast Sirtuins Hst3p and Hst4p. 76, 77, 150, 151 SIRT2 also deacetylates K56Ac, 78 although the reasons for this are unknown. Finally, SIRT3 has been linked to the NHEJ pathway, whereby, to promote cell survival in response to genotoxic agents, it deacetylates Ku70, suggesting that, in addition to SIRT1 and SIRT6, SIRT3 may also be involved in Ku70-dependent DNA repair signaling. 152 Role of mitochondrial Sirtuins in genomic stability Mitochondrial-associated functions are important in the cellular response to DNA damage and to aging. Thus, correct functioning of mitochondria-tight regulation of the reactive oxygen species generated by normal respiratory activities-is crucial to proper aging and to the avoidance, or at least the minimization of, carcinogenesis. 153 As such, tumor cells exhibit mitochondrial abnormalities that are caused by altered oxidative metabolism and that apparently contribute to chronic oxidative stress. SIRT3 is one of the three Sirtuins that localize to mitochondria and is the principal mitochondrial protein deacetylase. [156] [157] [158] Researchers have proposed that SIRT3 is a mitochondrial fidelity protein, and that its loss could generate a damage-permissive and tumorigenic cellular environment. In this scenario, oxidative stress and mitochondrial damage would activate SIRT3, a mitochondrial sensor for nutrient deprivation, as a signaling pathway to protect cell damage. Evidence suggests that SIRT3 may act as a tumor suppressor and that it protects against carcinogenesis by maintaining mitochondrial integrity and efficient oxidative metabolism. Accordingly, SIRT3 protein levels are abnormally low in human cancers such as breast cancer. 18 In contrast to wildtype MEFs, SirT3
À / À MEFs infected with a single oncogene (Myc or Ras) become immortalized as well as in vitro-transformed, and they exhibit altered metabolism and anchorage-independent growth. 18 Furthermore, SirT3
MEFs expressing these oncogenes grow in nude mice, suggesting that loss of SIRT3 also triggers a tumorigenic phenotype in vivo. SirT3 À / À MEFs present abnormal mitochondrial physiology as well as increased stress-induced superoxide levels and genomic instability. In this context, cells lacking SIRT3 exhibit abnormally low levels of the enzyme MnSOD (manganese superoxide dismutase), which converts superoxide into hydrogen peroxide (which, in turn, is subsequently converted into water by catalase). 159 Interestingly, superoxide dismutase prevents the tumor-permissive phenotype as well as stress-induced genomic instability. 18 Various mechanisms have been proposed to explain control of MnSOD by SIRT3. One possibility is that SIRT3 modulates FOXO3a-driven transcription of MnSOD. 18 Another is that deacetylation of K122 by SIRT3 causes an increase in MnSOD activity. 160 Cells lacking SIRT3 exhibit metabolic alterations, including a significant increase in mitochondrial superoxide levels upon exposure to ionizing radiation. Another important role of SIRT3 in oxidative stress is related to Idh2 (isocitrate dehydrogenase 2), an enzyme that converts NADP þ into NADPH in mitochondria. 161 SIRT3 is known to deacetylate and activate Idh2. In this context, and in response to CR, the deacetylation of Idh2 leads to greater activity, which results in increased NADPH levels in the mitochondria of multiple tissues of wild-type mice, but not of SirT3 À / À mice. This mechanism is thought to protect from oxidative stress-induced cell death.
Very recent evidence has implicated another mitochondrial Sirtuin, SIRT4, in the cellular metabolic response to DNA damage and tumorigenesis. 19 DNA damage triggers a critical block in cellular glutamine metabolism, which is required for the response to this damage. SIRT4, which is induced by genotoxic stress, is essential to prevent mitochondrial glutamine metabolism from entering the tricarboxylic acid cycle. 19 Loss of SIRT4 in cell culture increases glutamine-dependent proliferation and stress-induced genomic instability, whereas loss of SIRT4 in mice results in spontaneous lung tumor development later in life. 19 These findings suggest that SIRT4, by controlling the cellular metabolic response to DNA damage, is an important regulator of cell-cycle progression. In response to genotoxic stress, SIRT4 coordinates repression of glutamine metabolism, genomic stability and tumor suppression. 19 Overall, the body of evidence described above indicates an important role for the mitochondrial Sirtuins SIRT3 and SIRT4 in genome stability. Both SirT3 KO mice and SirT4 KO mice suffer from age-dependent spontaneous tumor development. This suggests that although these Sirtuins are not directly involved in tumorigenesis, loss of either one creates a tumor-permissive environment that causes increased genomic instability and anabolic growth, thereby facilitating proliferation and tumor cell survival.
Perspectives
Sirtuins have been involved in the major advances in chromatin development throughout eukaryotic evolution, suggesting that Sirtuin-dependent mechanisms are at the root of the intricate network of interconnected pathways that appeared later in evolution to safeguard genomic information. However, major issues regarding the global functional involvement of the Sirtuin family in this context remain unaddressed. For instance, some groups of Sirtuins share common targets, suggesting that there may be redundancies, synergies or antagonisms among these enzymes. Therefore, integrating this information in the functional context of genome stability and the stress response is essential if we are to develop a complete understanding of Sirtuin function. Other important aspects remain unresolved, such as our understanding of the dual enzymatic nature (deacetylase vs mono(ADPribosyl)ation) of certain Sirtuins, in which conditions favor one activity over the other, and how the enzymes switch between them. Likewise, we also need to establish how general deacetylation activity is among Sirtuins, and whether this activity has any role in chromatin regulation or genome stability. Future studies should clarify these points and provide new clues about the potential utility of Sirtuins as therapeutic targets for human health.
